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ABSTRACT

Solder self-assembled micromirrors have the
advantages of rigid electrical and structural connections to
the substrate as well as compact assembly mechanisms.
In addition solder assembly allows a structure to be
rotated to any angle desired. In this work, these
advantages are used to produce a novel electrostatic
micromirror that can stably rotate £10° from its assembled
position. The compact solder mechanism allows each of
three mirror components to be assembled independently
to individual angles. After assembly the design is
statically tested and compared to both analytical and finite
element (FE) model results.

INTRODUCTION

Solder self-assembly is a well established assembly
mechanism for surface micromachined devices [1-4]. It
has several advantages over other methods of creating
electrostatic micromirrors with large, stable rotation
ranges. It provides a compact assembly mechanism and
significant assembly force as well as solid post-assembly
electrical and mechanical connections. In this work, a
proof of concept for a unique torsional micromirror,
actuated by parallel-plate electrostatic forces, is modeled,
fabricated, assembled, and tested.

Outside of solder assembly, several other techniques
are used to create micromirrors with larger stable rotation
ranges. Syms uses a process similar to the described
solder assembly for a micromirror assembly in [5].
However, in that case a nonconductive photoresist is used,
and the mirror is driven with a rotating comb-drive.
Other assembly and actuation methods have also been
demonstrated. Arrays of scratch-drive actuators (SDAs)
are used to assemble mirrors and parallel-plate electrodes
in [6-7]. Alternatively, substrate mounted comb-drives
are used to drive assembled mirrors through hinge
linkages in [8-9]. However, each of these alternative
cases has disadvantages including hinge linkages and
manual assembly.  The hinges are poor -electrical
connections, lack structural rigidity, and see excessive
wear during operation. Manual assembly is also a
disadvantage as it is not reliable or manufacturable. The
current design overcomes the above problems with three
solder assembled parallel-plate eclectrodes in an
arrangement that provides a large, stable rotation range
and reasonable actuation voltage.
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After identifying the desirable characteristics a solder
assembled micromirror provides, a simple analytical
model is used to determine appropriate electrode gap
heights and flexure dimensions. The resulting design is
then fabricated in the JDS Uniphase/Cronos Multi-User
MEMS Processes (MUMPS®) [10] and assembled using
a solder self-assembly process developed at the
University of Colorado at Boulder [3]. Following
assembly, static testing is done to determine the
voltage/angle relationship, which is compared to both
analytical and FE model results. The process is then
repeated for a second-generation design that is revised
based on an improved analytical model and experience
with the assembly process.

DESIGN AND MODELING

While solder assembly can be used to rotate a
structure to any desired angle, the micromirror presented
here is constrained to a stable 20° rotation range from 25°
— 45° above the substrate. The most efficient way of
accomplishing this is to use a mirror neutral position 35°
above the substrate and have it rotate £10° from there.
The basic design concept utilizing these constraints is
shown in Figure 1. The concept consists of three basic
components, each of which is assembled with its own
solder ball. The mirror, flexures, and mirror frame
comprise one component. The other two components are
the lower electrodes used to rotate the mirror in the
positive and negative directions from the neutral axis.
These components are rotated to 25° and 45° as suggested
by the analytical model.

The analytical model is developed based on a torque
balance between the electrostatic force on the mirror and
the restoring torque of the flexures. The improved
version also includes vertical deflection of the flexures
using a force balance between the electrostatic force and
the restoring force of the bent flexures. The
improvements are necessary due to significant flexure
deflection during actuation.

The basis of the model is the torque balance
k.0 = [xf,(6,x)dx

where 0 is the change in mirror angle between the neutral
and rotated positions. k; is the torsional spring constant
and f, is the electrostatic force per unit length. These
terms can be described as
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where | is the torsional inertia of the flexures, G s the
shear modujus, 1. 15 the tlexure length, », is the

pernitivity ol free space, and w is the electrode width, v
15 the applicd voltage, d 15 the mitial gap height, v s the
vertical flexure detlection at the nurror edge. and c is the
initial angle Detween the marror and electrode. Onee the
lexure™s vertical dellection at the mirror 1s caleulated
using
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where E is Young™s Modulus and [ 1s the bending mertia
of the beam cross-section. the voltage/angle relationship
can be determined. The inttial model neglects the vertical
flexure deflection and thus predicts that lower volluges
and smaller gap beights will allow the mirror to stably
rotate 107 The revised model provides more realistic
results that are used in the second-generation mirror
design,

[n addition to providing {lexure dimensions and pap
heights. the model also shows that the mitinl angle
between the mirror and electrodes influences the pull-in
threshold.  Tor a speeific cenfiguration, the medel
predicts that a mirror and clectrodes that are mitally
parallel would require a 60pm gap and 271V to allow 107
of rotation before pull-in Flowever, fixing the ininal
elecirede positions 107 away {rom the mirror allows the
gap to be decreused to d0pm at the closest point while
stull allowing 107 of stable rotation.  [n the pon-parallel
case, 242V are needed to reach 107,

The insight trom the unalytical model is put to use 1n
the mirror design as shown in the Figure 1 schematic
There it can be seen that the lower electrodes are rotated
to 25% and 43°, 10° away from the nurrer’s neutral
position. This rotation allows the smaller imtial gap to be

used.  The fust-geoeration desipn concept has a 23pum
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mitial eleetrode gap, rather thun the 40pm supgested by
the mmproved model, because 1t was created with the
origing] analytical model. Coupled with 2um wide Poly 2
Nexures that are 235pm long the improved model prediets
this mirrer will stably rotate 877 with 839V The
second-peneration design, however, 15 designed with the
mmproved model. Thuos the imtial electrode gap increases
to d0pm.  Also, shorter [00pm tlexures are used tor
robustiess. For this mirror, the imiproved model predicts
107 ot stable rotation using 2428V, [n both generations,
the nurrors are 230um on a side

Following testing of the assembled devices, o FE
model, developed using Coventor e s Coventorware™
software [F1], helps 1o veriiy the analvtcal mode] results.
Although created and analvzed 1in Coventorware™, the
mode] is meshed i [-DEAS®, from E1S [12], due to the
non-paralle] nature of the electrodes. This necessitates
some sunphtications, such as eliminating  oulti-layer
seclions  and  surface  irregularties  associated  with
contformally deposited lavers. Once meshed, the model 15
imported back into Coventorware™ where the pull-in
analvsis is pertormed with the CosolvellM  clectro-
mechanical solver module. The anulvsis, pertormed on
the second-generation mirror, predicts a pull-in at 10.8°
and 238.8V.

FABRICATION, ASSEMBLY, AND TESTING

Using the dimensions from the analytical model, the
two  generations of mirror designs are  submutted to
MUMPS® for {ubnication.  Afler fabrication, cach mirror
is solder assembled using the process deseribed n 3] and
then statically tested by measuring the movement of a
reflected laser dunng murror rotation.  Outside of the
revised gap height, the changes in the seeond-generation
design are bused on experience with the assembly process
during assembly of the tirst-generation design,

Becanse MUMPS® contains onlv two releasable
polysilicon lavers, the lower electrodes are fabricated
from the Poly 1 laver and the murror, tlexures, and muror
frame are Fabricated from the Poly 2 laver. The nurror is
coated with gold using the Metal laver as well. To allow
for assembly. cach ol the three components is onlv

250 um
Initial Gap

45°

Figure 1. Overview and Cross-Section Schematic of Micromirror.
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attached to the substrate with hinge mechamsms at s
bottom edge.

Ehinge-stops are atso included on cach component to
keep them trom rotating oo far during asseinbly. These
structures, visible just above the solder balls on the
assembled structures o Figures 2 and 3, are T-shaped
beams that are hinged to the sobstrate below  cach
component and then pass through an opening so the top
crossbar rests above the component. The crossbar slides
down the component Tace during assembly unul at Tuts o
mechanical stop and locks the structure mto place. These
structures allow lor more wecuwrate assembiy thun solder
balls alone could provide [4].

Alter tubricution, the mirrors are assembled using the
process deseribed i [3]0 Essentially, sobder balls are
placed in between two pold pads, one on the rolating
component and one  Dxed 1o the substrate, on an
unreleased device. Then the solder 15 heated o its
melung point. In the presence of Formie Acid, it reacts
with the gold and flows out 10 the edges of the pads At
this pomt the chip cools and is released nommally m
Hydrotluorie Acid. Following release, 1t s agamn heated
in the presence of a gascous [ux, at which tnme the
minimization ol surface enerpy m the solder causes a
shape change that assembles the components.

An assembled first-generation wirrer 15 shown m
Figure 2 and a second-generation design 1s shown in

Figoure 3. These two SEM photographs clearly show the

differences between the twe gencrations. The clectrode
gap in the second-generation design 15 noticeably lurger
due to the use of the improved analvtical model m the
design process - Also the second-generation eliminates the
symimetry seen in the first design and uses solder balls
that are ¥l in diameter instead of doul. The larger
solder balls are used Tor the ease ol placement and therr
seemingly better perfonmance during assembly,  As o
result of that decision, svinmetry s climinated to keep the
averall size of the deviee n cheek and to reduce the
number of solder halls that need to be placed by 30%.

Finally, sumples o the assembled  mirrors are
statically tested  to determine the  voltage/ngle
relationship. The testing 15 aceomphished by retlecting u
dinde laser beam off the mirror ento an adjacent sereen.
As the voltage is ereased, the movement ol the retlected
spot 15 measured and converted into a rotation angle lor
the mirror. The voltuges ind rotation angles obtaned just
betore pull-in for three second-generation mirrors are
shown in Table ]

Table 1. Prll-in Voltages and Angles.
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Volluge (V) Angle ("
Mirror | 1942 12.1
Mirror 2 159.0 104
Mirror 3 1933 6.7
DISCUSSION

The data {rom the static testing 1s compared with the
analyucal and FE moedels w validate model pertonmance,
The comparison between the improved analvtical model
and the first-generation mirror 13 shown in Figure 4 where
the 20%% maximum difference between the data and mode]
15 reasonable due o vanations in matenal properties and
lithography  aceoracy  between MUMPS®  fabrication
runs.  Fagure 4 also demonstrales the shortened stable
rotatien range revealed by the improved model. Instead
of £10° of stable rotation tfrom neutral. enly about +8.7"
can be achieved.
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Figure 4. pirst-Generation Result Comperison.

The larger 40 pm gap ol the second-generution
design succeeds 10 expanding the stable rotation range as
shown in Table T and in Figure 3 where the expenimental
data tor three second-generation nirrors as well as the
theoretical results Trom the analvtical and FE models are



plotted. Although two of the three mirrors shown in
Figure 5 can stably rotate 10° from neutral, the required
voltages are lower than those predicted by the improved
model, and there is a variation in performance from
device to device.
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Figure 5. Second-Generation Result Comparison.

The variation between devices is most likely due to the
fact that the assembly angles for the mirrors and
electrodes are not perfect due to scavenging of the gold
pads during the assembly process [3]. Some of the angles
are off by as much as 3°. Another factor is variation in
mirror warpage between devices. Because the mirrors are
only Metal on Poly 2, there is significant warpage that can
change with residual stress and temperature variations
during assembly. Finally, the assembly force provided by
the solder balls can also cause varying degrees of
deformation around the gold solder pads. Due to these
effects, the initial gap heights differ somewhat from
device to device and result in different voltage/angle
relationships for each mirror.

The difference between the models and the
experimental results can be explained by deformation of
the mirror frame and electrode legs. Neither model
considers deformation in the electrode and mirror legs.
The equations to account for these deformations are not
present in the analytical model, and the legs are not
included in the FE model. The ends of the torsion beams
and the entire lower electrode are fixed. The exclusion of
the legs is fine for the first-generation design, as
evidenced by Figure 4 because the electrodes are fixed on
both sides and the mirror is closer to the substrate.
However, the move to the 8mil solder balls requires
moving the mirror farther above the substrate and
increasing the length of the legs. Thus deformation in the
legs is significant in the second-generation design, but not
in the first-generation.

In summary, the current work utilizes the beneficial
aspects of solder self-assembly to exploit the
characteristics of electrostatic parallel-plate actuators.
The result is the demonstration of a torsional mirror with
a large stable rotation range and a reasonable actuation
voltage. These types of devices can be employed in many
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products such as barcode scanners, optical cross-connects,
and free-space communication systems.
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